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Abstract
Active migration in both healthy and malignant cells requires the integration of information

derived from soluble signaling molecules with positional information gained from interac-

tions with the extracellular matrix and with other cells. How a cell responds and moves in-

volves complex signaling cascades that guide the directional functions of the cytoskeleton

as well as the synthesis and release of proteases that facilitate movement through tissues.

The biochemical events of the signaling cascades occur in a spatially and temporally coordi-

nated manner then dynamically shape the cytoskeleton in specific subcellular regions.

Therefore, cell migration and invasion involve a precise but constantly changing subcellular

nano-architecture. A multidisciplinary effort that combines new surface chemistry and cell

biological tools is required to understand the reorganization of cytoskeleton triggered by

complex signaling during migration. Here we generate a class of model substrates that

modulate the dynamic environment for a variety of cell adhesion and migration experiments.

In particular, we use these dynamic substrates to probe in real-time how the interplay be-

tween the population of cells, the initial pattern geometry, ligand density, ligand affinity and

integrin composition affects cell migration and growth. Whole genome microarray analysis

indicates that several classes of genes ranging from signal transduction to cytoskeletal reor-

ganization are differentially regulated depending on the nature of the surface conditions.

Introduction
Cells do not live in static surroundings, they exist in highly evolving dynamic environments
[1–2]. During cell adhesion and migration, cells adapt and communicate to their environment
by numerous methods ranging from differentiation, gene expression, growth and apoptosis [3–
9]. How and when cells determine to adhere and migrate is important to a number of funda-
mental biological processes such as wound healing, metastasis, inflammation and development
[10–13]. In order to elucidate the spatial and temporal mechanisms of those complex processes
on a molecular basis, model substrates that can be dynamically modulated where the interac-
tion between cell and material is defined at the molecular level would be extremely useful [14–
16]. Herein, we develop a novel surface chemistry technology to generate a class of molecularly
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well-defined dynamic substrates that permit the precise modulation of environment that an ad-
herent cell senses in space and time. We demonstrate this methodology by electrically switch-
ing on adhesive ligands that induce the migration and growth of cells, which were initially
confined on the defined patterns. We determine how the interplay of several parameters in-
cluding the population of cells, pattern geometry, ligand density, ligand affinity and integrin
composition influence cell behavior on these dynamic surfaces. We also found that cells retain
an imprint of their initial condition, which influences the subsequent migratory behavior as if
cells have a memory of earlier environment. Genome-wide microarray analysis revealed that
several genes in signal transduction, cytoskeletal reorganization and proliferation are differen-
tially regulated at the transcription level depending on the dynamic surface microenvironment.

The extracellular matrix (ECM) is a highly dynamic, insoluble aggregate of collagens, pro-
teoglycans, structural glycoproteins, and elastin that provides structural support for the adhe-
sion, growth, differentiation, migration, and survival of mammalian cells. For a cell to undergo
migration, it must first adhere to another cell or the ECM through cell surface receptor-ligand
interactions. Integrins and syndecans, which are transmembrane proteins, represent the most
common cell surface receptor families that facilitate cell adhesion to the ECM and transduce
extra- and intracellular signals. Fibronectin (FN) is a predominant ECM glycoprotein that con-
tains three homologous globular domains: type I, II, and III, and possesses a number of interac-
tion sites for both integrins and syndecans. As such, FN plays an important role in cell
adhesion, growth, migration, and differentiation and is critical to cellular processes, including
embryogenesis and tissue repair. A number of cell types bind to FN regions that span the 8th to
10th type III (FNIII8–10) cell-binding domain. Arg-Gly-Asp (RGD), found in FNIII10, was
identified as the minimal cell attachment sequence of α5β1 and αVβ3 integrin recognition. To
prepare surfaces for the dynamic study of complex cell behavior we designed model substrates
based on the following considerations: 1. The surface must be able to present ligands in well-
defined environment and must be amenable to chemoselective reactions that immobilize li-
gands or transformations that reveal ligands to adherent cells during the course of cell migra-
tion or cell adhesion. This important feature requires an orthogonal chemical reaction to
immobilize ligands to a surface in the presence of cells and complex protein mixtures with no
side reactions. The immobilization reaction should be fast, kinetically well-behaved, and
unreactive toward other biopolymers (DNA, RNA, proteins, lipids etc.) at physiological condi-
tions. 2. The yield of immobilization reaction and therefore density of immobilized ligands on
the surface must be precisely determined. This requires that the model substrates are compati-
ble with sensitive and quantitative in situ surface analytical techniques. 3. The surface should
have the ability to pattern different population of cells in defined geometries ranging from a
single cell to hundreds of cells. 4. A non-invasive method that can activate the surface by im-
mobilizing or unveiling ligands in the presence of attached cells is required. 5. The surface
must be inert to non-specific protein adsorption, i.e. the only interaction between cell and ma-
terial is a ligand-receptor mediated interaction. 6. The model substrate should be compatible
with high throughput microarray technologies and several surface and microscopy techniques
that are routinely used to characterize cell behavior and 7. The surface should possess the abili-
ty to perform massively parallel experiments simultaneously.

Our approach for the dynamic substrate is based on an electrically switchable self-assembled
monolayer (SAM) that presents redox active hydroquinone groups (Fig 1A). The substrate is
essentially a working electrode that can oxidize and reduce the surface-bound molecules upon
an applied potential. A mild electrochemical pulse readily converts the hydroquinone mono-
layer to the corresponding reactive quinone. The reversible redox coupling between the hydro-
quinone and the quinone is stable and can be characterized by cyclic voltammetry [17–18]. We
have previously demonstrated that the resulting quinone monolayer can react rapidly and
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selectively with soluble oxyamine groups to form a chemically stable oxime conjugate on the
surface [19]. By synthetically tethering ligands to the oxyamine, this methodology can poten-
tially immobilize a variety of ligands such as peptides, carbohydrates, and other biomolecules
to the surface. Furthermore, because the oxime conjugate undergoes redox coupling at different
potentials from the quinone, the product possesses diagnostic waves that can be characterized
electrochemically by cyclic voltammetry [19–21]. This feature permits the quantitative deter-
mination of yield and therefore density of ligand immobilized on the surface in situ. Most im-
portantly, the highly selective coupling between the quinone and oxyamine prevents cross-
reaction with other biomolecules including DNA, proteins, carbohydrates, and lipids. This

Fig 1. A chemical strategy to generate dynamic surfaces that can selectively turn on the immobilization of different affinity ligands (linear and
cyclic RGD) for cell adhesion and growth. (A) A surface presenting a mixed monolayer of tetra(ethylene glycol) groups and redox active hydroquinone
groups (H2Q) is oxidized to the corresponding quinone (Q) by applying an electrochemical potential to the underlying gold. Reaction of the quinone
monolayer with soluble RGD-oxyamine at physiological conditions generated the peptide oxime conjugate on the surface. The oxime conjugate Qox is also
electroactive and can undergo a reversible redox process resulting in the H2Qox. The chemical structure of RGD-oxyamine is shown below. (B) The quinone
monolayer, Q, is inert to the non-specific attachment of cells. (C) Addition of 3T3-Swiss albino fibroblasts to the RGD immobilized oxime surfaces resulted in
cell attachment and proliferation.

doi:10.1371/journal.pone.0118126.g001
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coupling strategy therefore is ideal for bioconjugation in the presence of complex protein mix-
tures and in the presence of adhered cells in serum-containing media.

Results and Discussion

Ligand Immobilization for Cell Attachment
To determine whether the electroactive surface can support biospecific cell attachment via the
oxyamine ligand immobilization strategy, we prepared mixed monolayer surfaces presenting
1% hydroquinone and 99% tetra(ethylene glycol) groups. The high density of background eth-
ylene glycol groups within the monolayer has been shown to reduce non-specific protein ad-
sorption [22]. This feature ensures that the cell-surface interaction is mediated only by the cell
surface receptors and ligands on the surface. Electrochemical oxidation of the monolayer (750
mV for 10 s) converts the hydroquinone groups to the reactive quinones (Fig 1A). Addition of
3T3-Swiss albino fibroblasts to the resulting quinone monolayer showed no cell attachment to
the surface (Fig 1B). This result demonstrates that the surface resists non-specific cell attach-
ment and that electrochemical oxidation does not compromise the integrity of the monolayer.
To facilitate cell adhesion we synthesized an oxyamine-tethered RGD peptide (structures in Fig
1A) and conjugated the peptide to the quinone monolayer (20 mM in PBS, 4 hrs). The RGD se-
quence is found within the central binding domain of several adhesive proteins present in ex-
tracellular matrix and is known to facilitate adhesion, migration and proliferation of cells on a
variety of substrates and polymers via interaction with cell surface integrin receptors [23–26].
Addition of fibroblasts resulted in attachment and proliferation on the RGD-immobilized sur-
face (Fig 1C). To show the attachment was specific we added soluble RGD peptide (final con-
centration of 1 mM, 1 hr) as a competitive inhibitor of the surface-bound RGD and the
adherent fibroblasts detached from the surface (data not shown). Furthermore, we immobi-
lized a scrambled peptide (GRD-oxyamine) to the quinone monolayer and observed no attach-
ment of cells to the surface (data not shown). These results confirm that cell attachment to the
monolayer surface was mediated only by the immobilized RGD ligands.

Determination of Density of the Immobilized Ligands
To demonstrate the use of cyclic voltammetry to determine the density of immobilized ligands,
we prepared monolayer surfaces presenting 50% hydroquinone and 50% tetra(ethylene glycol)
groups (1:1 ratio on surface). S1 Fig shows the cyclic voltammogram corresponding to the hy-
droquinone-quinone redox coupling in 1M HClO4. Hydroquinone oxidizes at 540 mV and
quinone reduces at 320 mV. Integration of the area under the reductive wave gave a density of
2.3 x 10-10 mol/cm2 for the quinone monolayer. Electrochemical oxidation, followed by immo-
bilization of RGD-oxyamine (20 mM in PBS, 4 hrs) resulted in the oxime conjugate on the sur-
face. Characterization of the monolayer by cyclic voltammetry shows diagnostic peaks that
correspond to the oxidation (620 mV) and reduction (480 mV) of the oxime conjugate. Inte-
gration of the area under the oxime reductive peak gave a density consistent with the complete
conversion of the quinone monolayers to the RGD oxime conjugate. The monolayers on gold
are stable within the range of applied electrochemical potential and thus repeated redox scan-
ning for several hours produce indistinguishable cyclic voltammograms. The ability of cyclic
voltammetry to distinguish the oxime product from the initial hydroquinone-quinone redox
couple enables the quantification of the amount of ligand molecules installed on the surface.
From cyclic voltammogram data we found the pseudo-first order rate constant for immobiliza-
tion to be approximately the same for both linear and cyclic RGD for surfaces ranging in qui-
none density from 50% to 2% as determined by electrochemistry and approximately 0.040
min-1 [19].
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Dynamic Surfaces for Biospecific Cell Migration
We next applied this methodology to generate dynamic model substrates for studies of cell mi-
gration. We used microcontact printing to first pattern hexadecanethiolate monolayers on the
surface and backfilled the remaining bare gold regions with a mixed monolayer of 1% hydro-
quinone and 99% tetra(ethylene glycol) groups (Fig 2A). The hydrophobic patterns were then
adsorbed with fibronectin (0.1 mg/mL in PBS, 2 hrs) to enhance cell attachment. Addition of fi-
broblasts to the surface resulted in cell attachment only to the microcontact printed regions.
Observation by live-cell microscopy showed that while most cells are quiescent within the pat-
terns, the cells near the edge of the patterns are highly dynamic (S1 Movie). The patterned cells
constantly sample the surface microenvironment outside the pattern via filopodia and lamelli-
podia protrusions and membrane ruffling. Electrochemical activation converted the hydroqui-
none monolayer to the quinone, followed by immobilization of linear RGD-oxyamine (20 mM

Fig 2. Example of a dynamic substrate for spatial and temporal control of cell migration and growth. (A) (a) Surfaces compatible with cell imaging
were prepared by evaporating titanium (3 nm) and then gold (12 nm) onto glass coverslips. (b) Microcontact printing, a soft lithography technique, was used
to pattern hydrophobic islands of hexadecanethiol. (c) The remaining bare gold regions were filled with a mixed monolayer of tetra(ethylene glycol) (EG4OH)
and hydroquinone (H2Q) terminated alkanethiol (99:1 in ratio). (d) The patterned hydrophobic area was adsorbed by fibronectin and fibroblasts attached,
proliferated and remained confined to the patterned regions. (e) Application of oxidative potential to the monolayer and subsequent addition of RGD-
oxyamine (20 mM for 2 hours) (RGD-ONH2) resulted in the rapid immobilization of peptide and hence the migration and proliferation of cells off of the circular
islands. (B) Representative figures from fluorescence microscopy over the period of time with three different sizes of circular patterns. The diameters of the
pattern are 160 μm, 110 μm, and 60 μm, respectively. In all three sizes of the patterns, upon ligand presentation cells gradually migrated out and broke down
the patterns completely within 30 hrs after RGD immobilization. Color: green, tubulin; red, actin filaments; blue, nuclei.

doi:10.1371/journal.pone.0118126.g002

Smart Surfaces for Studies of Cell Behavior

PLOS ONE | DOI:10.1371/journal.pone.0118126 June 1, 2015 5 / 25



in serum-free medium, 2 hrs) to install the peptide ligands to the monolayer. The short electro-
chemical pulse applied (750 mV, 5 seconds) to oxidize the hydroquinone groups and the addi-
tion of the soluble oxyamine-functionalized RGD peptide do not affect cell viability. The surface
microenvironment surrounding the cell patterns is switched from being inert to adhesive with
surface-immobilized RGD ligands. As a result, cells confined within the confluent patterned re-
gion initiated migration in response to the changes in the surface microenvironment.

Fig 2B shows representative fluorescent images for ligand-mediated migration of patterned
cells over time on three different sizes of circular pattern (160 μm, 110 μm, and 60 μm in diam-
eter). After 2–3 hours of linear RGD immobilization, cells begin to protrude and move beyond
the edge of the pattern, and after 10 hours the cells have moved a significant distance away
from the initial circular patterns. Despite the different sizes of the initial patterns, all the cells
continued to migrate and after 30 hours of RGD immobilization it was difficult to define the
original pattern. As a control, the exact same substrates without the RGD immobilizing reac-
tion were prepared. There was no migration and the cells stayed confined within the circular
patterns even after 48 hours in the incubator (S2 Fig). As a further control to show the migra-
tion was due to the biospecific interaction between integrin receptors on the cell and the newly
immobilized RGD ligands, soluble RGD was added into the cell medium (final concentration
of 0.7 mM for 1 hr) and the cells detached from the RGD presenting regions but not from the
hydrophobic fibronectin islands (data not shown). When a scrambled peptide (GRD-oxya-
mine) was immobilized under the same conditions (this peptide is not a ligand for integrin re-
ceptors) the cells were observed over 48 hours not to migrate from the patterns (S2B Fig).
Therefore the dynamic presentation of ligands on the surface in the presence of the cells func-
tioned as a molecular switch to turn on cell migration.

Unlike many conventional migration assays including wound healing assays [27, 28], Boy-
den chamber [29], and other methods [30–33] where cells migrate on ill-defined substrates,
our dynamic substrate approach is mediated by the underlying surface chemistry where the li-
gand presentation, density, activity, and composition is defined at the molecular level. These
features allow for the proper control and interpretation of cell behavior on tailored biospecific
ligand-receptor mediated surfaces. Furthermore, because these substrates modulate the surface
property in the presence of attached cell culture, it is possible to monitor cell behavior in re-
sponse to various changes in the surface microenvironment in real-time (S2 Movie).

The Role of Cell Population and Pattern Shape on Cell Migration and
Growth
We next determined how the number of cells and initial pattern shape affect motility and
growth on the dynamic substrates. We used a nuclear labeling index (NLI) assay, which mea-
sures the amount of DNA synthesis occurring within adhered cells undergoing growth, to com-
pare the role of pattern size and geometry on cell migration and cell growth. Dynamic
substrates were prepared as described above and upon activation of the surface by immobiliz-
ing linear RGD, cells were allowed to migrate from the patterns for 20 hours and then
5-bromo-2’-deoxyuridine (BrdU, a thymidine analog that incorporates into newly synthesized
DNA) was added in the cell culture medium (10 μM) for one hour to allow pulse-labeling of
DNA. The cells were then fixed and the BrdU-labeled nuclei were detected via anti-bromo-
deoxyuridine and a Cy2-conjugated secondary antibody. Whole cell nuclei were also stained
with DAPI and the results were visualized with fluorescence microscopy. To interpret the mi-
gration distance as a function of initial pattern geometry and size of the patterns, we defined
areas by drawing circles or lines proportionally to the initial pattern radius or width to keep
track of the cells according to the distance migrated (Fig 3 top and middle panel). The total
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Fig 3. Example of cell migration and growth dependence on geometry and population of cells.On dynamic substrates fibroblasts were patterned on
various sizes of circles and lines. Cells proliferated to fill the patterns at which time they exited the cell cycle and became quiescent (top panel shows that the
monolayer of cells is confined to the patterned regions before migration is activated. Color: green, tubulin; red, actin filaments; blue, nuclei). Addition of
soluble linear RGD-oxyamine (20 mM for 2 hours) installed the peptide at the density of 1% onto the surface. Fibroblasts were allowed to migrate off the
patterns for 20 hrs in the incubator and BrdU was added in the culture medium to pulse-label the nuclei. By visualizing whole nuclei and BrdU-labeled nuclei,
nuclear labeling index (NLI) was determined. NLI (%) is the ratio of newly synthesized nuclei to the whole nuclei. Cells were grouped by migrating distance
from the initial pattern as shown in different colors of regions in the middle panel. The central area in black color is where the original pattern is and the NLIs in
those regions are shown as the first bars in black color in each bar graph at the bottom. The colors of bar graphs correspond to the regions in the middle panel
where number of nuclei was counted. (A) Cells were patterned in small circles that have low cell population (radius 55 μm) (B) Cells were patterned in large
circles that have higher cell population (radius 80 μm) (C) Cells were patterned in a line with width of 180 μm. Regardless of pattern size and geometry there
was a universal tendency where cells that migrated farther showed higher activity in synthesizing new DNA and therefore growth. In details this NLI
measurement according to migration distances reflect delicate influences of cell-cell interaction and pattern geometry and they are described in the text with
examples of *-noted bar graphs. Data are collected from 6 to 8 separate substrate chips each in (A), (B) and (C). Data are mean ± SEM.

doi:10.1371/journal.pone.0118126.g003
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number of nuclei and BrdU-labeled nuclei were counted in each area. The percentage of the
newly synthesized nuclei (DNA) was calculated to give a NLI (ratio of BrdU-labeled nuclei to
total nuclei). The bar graphs in Fig 3 show the NLI according to the migration distance. For the
analysis, we assumed that cells initiated migration from the boundary edge of the pattern and
the cells found within the interior of the patterned area had no migration upon surface activa-
tion. In the bar graphs of Fig 3A–3C, the first sets of data (distance 0 μm) represent the NLI of
the cells within the initial pattern. These cells are considered as having no migration, and there-
fore their NLI is set as the basal level of new DNA synthesis in non-migratory, contact inhib-
ited quiescent cells. The bar colors of the data set for each distance traversed corresponds to the
regional zones of the same color in the pattern diagram above. Fig 3A and 3B compare the role
of cell population in cell migration and growth by analyzing the NLI for small and large size of
circular patterns that restrict the initial population of the cells. We also compare the effect of
pattern geometry (circle versus straight line) on cell migration and growth (Fig 3C).

The comparison of NLI in relation to migration distance is a measurement to visualize the
relative balance between migration and growth activity. We found that regardless of pattern
size or shape the cells that migrated farther from the initial pattern had higher rate of new
DNA synthesis (higher NLI). The cells that migrated the farthest were found to be the cells ini-
tially located at the edge of the pattern. Upon surface activation, these cells have greater access
to free space that supports adhesion and migration and therefore are able to turn on their cell
growth program before the cells originally located near the crowded center of the pattern do.
These results may be also influenced by cell-cell interactions during cell movement. To control
the cell number therefore population of cells we generated different size of patterns to deter-
mine how initial cell population influences subsequent cell migration and growth after surface
activation. Interestingly, we observed that cells within the small and large circular patterns had
similar basal levels of DNA synthesizing activity (27.5% and 31.2%, respectively) (Fig 3A and
3B). After surface activation, the cells which migrated approximately 165 μm (off small) and
80 μm (off large) circular patterns at the time point of 20 hours had similar levels of NLI (see
the �-noted bar graphs with NLI of approximately 65%). These results show that for the same
time period and growth rate (i.e. same NLI) cells from the small pattern (less cell population)
migrated farther than cells from the larger population pattern. This result implies that there
may be less cell-cell interactions in the smaller population patterns after surface activation and
therefore the cells may migrate with less constraint where the dominating factor for migration
is the number of cell-ligand interactions rather than the number of cell-cell interactions. Essen-
tially, cells on the smaller pattern migrate farther because there are fewer cells on the small pat-
tern to begin with and therefore have less initial cell-cell interactions on the small pattern. Cells
on the larger pattern migrate less because there are more cells and therefore have to overcome
more cell-cell interactions before they can migrate. The number of cells on the pattern influ-
ence how well/fast they migrate from the pattern after being released (allowed) to migrate.

For the cells initially confined within line patterns, we also observed that the farther the cells
migrate the higher the growth rates (Fig 3C). We found that the basal level of DNA synthesis
within the line patterns was much higher (48.4%) than for the circular patterns. Interestingly,
the comparison between circular and line patterns (Fig 3A and 3C) showed a different trend
for migration and growth. Within 20 hours, cells with approximately NLI 65% were found to
migrate a distance of 180 μm from the large population line patterns which is similar to the dis-
tance cells travelled from the small population circular patterns. Although the cells migrate ap-
proximately the same distance and have similar NLI after 20 hours the cells on the line patterns
took longer to initiate migration. For example, many cells on circular patterns have already mi-
grated a significant distance within 10 hours after RGD immobilization on the surface while
most cells on line patterns are not observed to migrate. This indicates the degree of curvature
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of the pattern where cells are originally confined can have a dramatic impact on the ability of
cells to initiate migration and growth. On the straight line pattern the cells are densely packed
parallel to the edge of the pattern and upon surface activation the cells at the edge must move
out perpendicular to their alignment. This may require a massive rearrangement of the cell cy-
toskeleton and therefore it takes much longer to initiate migration compared to the cells on
small circular patterns that are not restricted by geometry. However, after moving beyond the
line patterns the cells are able to migrate with limited cell-cell interactions compared to the cir-
cular patterns where several cells are joined during migration. Therefore the comparable mi-
gration distance with the similar level of NLI in Fig 3A and 3C (�-noted bar graphs) appears to
be influenced more significantly by the initial geometry. Overall the NLI measurements show
that the actively migrating cells generally have higher growth rate and there is a delicate inter-
play of cell-cell interactions, cell-substrate interactions and initial geometry in dictating subse-
quent migration and proliferation.

The Role of Integrin Composition on Cell Migration
We also investigated the role of integrin composition on cell migration and growth on the dy-
namic surfaces. We compared the rate of migration and growth for several Chinese Hamster
Ovary (CHO) cell lines where the cytoplasmic α5 subunit of the α5β1 integrin, a fibronectin re-
ceptor, has been either deleted or truncated. Three mutant CHO cell lines were examined:
B2a27 expresses a full-length of human α5 subunit with 27 amino acids in the cytoplasmic do-
main; B2a10 expresses an α5 with a 17 amino acid cytoplasmic truncation; and B2 expresses
only the β1 subunit where the α5 is knocked down. In previous research Bauer et al. used these
cell lines to examine the role of α5 cytoplasmic domain in cell adhesion, cell motility and cyto-
skeletal organization (34). On fibronectin-coated surface they found B2a27 and B2a10 dis-
played similar adhesion, motility and actin organization to wild type CHO cells while the
nontransfected B2 cells showed no migration and no actin reorganization.

To test whether these mutant cells behave in a similar manner on our molecularly defined
surface, the same experimental procedure as in Fig 3B was performed with the three CHO cell
lines. We found that both B2a27 and B2a10 cells patterned on 160 μm diameter circles migrat-
ed and proliferated to a similar extent as the 3T3-Swiss albino fibroblasts did upon activation
on 1% linear RGD-immobilized surface (Fig 4). In contrast, although nontransfected B2 cells
adhered to the initial pattern, they did not migrate when the surface was activated with linear
RGD ligands. Thus, the truncated α5 cytoplasmic domain is not essential for cell motility but
the extracellular domain and the cytoplasmic domain adjacent to the membrane may have im-
portant functions in cell migration. These cell motility and growth data is consistent with the
results obtained from the fibronectin-coated surfaces [34]. Taken together, these results dem-
onstrate dynamic surfaces are well-suited for evaluating the dependence of cell growth and mi-
gration on integrin composition and expression levels.

On Non-Dynamic Surfaces Cell Migration Rate Depends on Ligand
Affinity and Density
To understand the role of ligand density and affinity in directing cell migration we performed a
series of studies where cell migration rates were monitored on surfaces presenting different
densities and affinities of RGD ligands. Integrin receptors are known to have higher affinity to
cyclic RGD than linear RGD (IC50[cyclic RGD] / IC50[linear RGD]� 10-3) [35–36]. To modu-
late the ligand affinity on our surface, we used linear RGD, cyclic RGD, and a mixture of linear
and cyclic RGD (1:1 ratio). For these studies SAMs were prepared as mixed monolayers pre-
senting hydroquinone (from 1% to 10%) and tetra(ethylene glycol) (99% to 90%) groups on
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gold. Upon electrochemical oxidation to quinone, linear RGD, cyclic RGD or mixture of linear
and cyclic RGD peptides were immobilized. The completion of coupling reaction was deter-
mined by cyclic voltammetry. Each substrate was rinsed with water and 3T3-Swiss albino cells
were then seeded to determine migration velocity as a function of peptide density. We term
this type of substrates as a “non-dynamic surface” since there is no patterned region of cells
and the entire surface is composed of peptide ligands prior to cell seeding. Time-lapse images
were recorded and the movement of the cells was tracked. Fig 5 compares cell velocity on the
surfaces with different density and ligand affinity. For the non-dynamic high affinity cyclic
RGD surfaces, the attached cells rarely migrate and there is no substantial difference in cell mi-
gration rate on 1 to 8% ligand density. This reflects that the polyvalent adhesive interaction be-
tween integrin receptors and cyclic RGD ligands is too strong even at low densities to allow
significant cell motility. However for low affinity linear RGD surfaces, we observed a biphasic
behavior where cell migration velocities increased up to 5% ligand density and then decreased
from 6% to 8%. The biphasic cell migration rate data show that at low ligand density (1–5%)
cells are able to attach and release integrin receptors from the surface and migrate with increas-
ing velocity but at higher ligand densities (> 5%) the adhesiveness of the surface overcomes the
ability for the integrin receptors to detach and therefore the migration is not effective. Interest-
ingly, for the mixture RGD surface (linear and cyclic RGD are in equal ratio) the migration
rates were faster at lower density and exhibited an earlier biphasic behavior than for the linear
RGD surfaces. From our studies a mixture RGD surface allows the greatest cell motility at

Fig 4. Growth versusmigrating distance for integrin α subunit mutants of CHO cells on dynamic
surfaces. B2a27 represents CHO cells with a full-length human α5 subunit with 27 amino acids in the
cytoplasmic domain, B2a10 is a mutant with a 17 amino acid cytoplasmic truncation on α5 chain. With using
these CHO cell lines, the experimental conditions and procedure were identical as in Fig 3B. Both cells had
similar level of NLI along the migration distance to mouse fibroblasts (Compare with Fig 3B). The B2 mutants
have a α5 knockdown and did not migrate from the patterns upon activation. Data are mean ± SEM and more
than 6 separate substrate chips for each cell line were used for the analysis in the same procedure as in Fig
3.

doi:10.1371/journal.pone.0118126.g004
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1–2% ligand density and at higher densities the effect of the cyclic RGD predominates and
causes motility to significantly decrease. Why cells migrate in higher velocity on the mixture
RGD surface than on the linear RGD surface at< 2% ligand density is intriguing. It may be be-
cause cells possess the ability to modulate the combinatorial variability of the affinity states of
the integrin receptors for complex ligands. Previous work has shown a biphasic migration rate
on fibronectin-coated surfaces depending on the concentration of the fibronectin solution used
[37]. However, these surfaces are unable to define the ligand orientation and the actual ligand
density on the surface because they rely on non-specific fibronectin adsorption. Because our
surface is based on molecularly well-defined ligand coupling and presentation, it is ideal to
study the influence of ligand concentration and affinity on cell motility. The results presented
here are significant because there have been no studies of cell motility on different affinity and
mixed affinity peptide presenting surfaces.

Determining Cell Migration Memory on Dynamic Surfaces—The
Dynamic Presentation of Ligands Alters Cell Migration Rates
For metastatic cells the ability to migrate with different behavior and rates when originating
from a tumor is of major interest in cancer biology. Although metastasis from a primary tumor
is generally considered as a result of the complex interplay of randommutations, pre-existing
genetic background and the local microenvironment, some types of tumors are metastasized
by nonrandom process [38–39]. In this case, the microenvironment within and outside the
primary tumors provide a selective path for metastasis. To explore the role of the dynamic

Fig 5. Plot of cell migration velocity versus surface density of linear, cyclic andmixture RGD peptide on non-dynamic surfaces. For cyclic RGD
surfaces (red line) the cell velocity does not change significantly as the peptide concentration increases. For linear RGD peptide surfaces (blue line) there is a
biphasic behavior where cell velocity increases as peptide density reaches from 1% to 5% and then decreases at higher densities of peptide. For mixture
peptide surfaces (green line) there is also a biphasic behavior but the maximum velocity occurs at lower peptide density (2%). The migration velocity is slower
for cyclic RGD surfaces for all densities than the other two peptide surfaces. Among the lowest density of peptides (1%) the mixture surface renders the
highest velocity. At higher peptide densities than 8% non-specific interactions dominate and the cell migration velocities uniformly increase. The experiment
was repeated twice for each surface. Seven to ten individual cells from each experiment were tracked for 30 hrs to give mean velocity. Data are mean ± SEM.

doi:10.1371/journal.pone.0118126.g005
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microenvironment on cell motility, we wanted to test a novel hypothesis—whether initial cell
adhesion site and surroundings would influence subsequent migratory behavior of the cells or
do cells have a migration memory that modulates their migration behavior after leaving the ini-
tial adhesion location. For this study, we employed the dynamic substrates to compare the rate
of migration of cells from patterns onto regions presenting the same RGD ligand density and
affinity as non-dynamic surfaces. If the initial location and environment affects cellular behav-
ior, the dynamic and non-dynamic surfaces may induce different migratory behavior responses
although the surface chemistry composition (ligand type and density) are identical. For this
study we compared total migration distances over time and the plots are shown in Fig 6.

For the non-dynamic surfaces, the migration on cyclic RGD is much slower than on linear
RGD as expected due to the much higher affinity of cyclic RGD for integrin receptors (Fig 5).
However, we observed on dynamic surfaces cells migrate much faster (from the initial patterns)
regardless of ligand affinity. The average velocity of cell migration is similar for linear and cy-
clic dynamic surfaces (12.3 μm/hr and 11.6 μm/hr respectively). The most striking result is for
the dynamic and non-dynamic cyclic RGD surfaces. The cells migrated much faster on dynam-
ic surfaces when released from the initial pattern presenting 2% cyclic RGD (S3 Movie) where-
as on the non-dynamic 2% cyclic RGD surface the cells migrated much more slowly (Fig 6).
This result clearly demonstrates that cells retain amemory of their initial pattern or state and
when released from the pattern they are able to modulate their ability to migrate that over-
comes the adhesiveness of the ligands presented.

To further investigate these results we examined the focal adhesion structures within cells.
Focal adhesions are large, dynamic protein complexes through which the cytoskeleton of a cell
is connected to the extracellular matrix (ECM) [5, 40]. The assembly and morphology of focal
adhesions are critical in signal transduction during ligand mediated cell adhesion polarization

Fig 6. Comparison and evaluation of cell migrationmemory on dynamic and non-dynamic surfaces. The total distance cells migrated on dynamic or
non-dynamic surfaces was plotted over 30 hrs. For dynamic surfaces, peptide was immobilized in the presence of cells on 160 μm diameter circular patterns
and their migration was captured by time-lapse microscopy. The movement of cells every hour was tracked and summed up to get total distance cells
migrated by that time. For non-dynamic surfaces, cells were seeded on the peptide-immobilized SAM surfaces. The peptide density was controlled and
identical on dynamic and on non-dynamic surfaces. Cell images on non-dynamic surfaces were also captured by time-lapse microscopy and the movement
was tracked in the same manner as dynamic surfaces. A. Cell migration on linear RGD surface. The average migration velocities were obtained from the
slope of best fit line and they are 12.3 μm/hr (dynamic 2%); 7.3 μm/hr (non-dynamic 1%); 7.8 μm/hr (non-dynamic 2%). B. Cell migration on cyclic RGD
surface. The average migration velocities are 11.6 μm/hr (dynamic 2%); 4.4 μm/hr (non-dynamic 1%); 3.1 μm/hr (non-dynamic 2%). Overall, cells on the
dynamic surfaces migrated much faster than cells on the non-dynamic surfaces regardless of ligand affinity. The cells seem to have the ability to modulate
their migratory behavior depending on their initial location and environment that overcomes the surface composition. For each surface the experiment was
repeated 6 times. The movement of a total of 10 to 12 cells on each surface was tracked and data are mean ± SEM.

doi:10.1371/journal.pone.0118126.g006
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and migration. The focal adhesion structure of adhered cells on the surfaces were analyzed by
visualization with an anti-paxillin antibody. Paxillin is a protein found within focal adhesions
and is a well characterized marker for these structures [41]. More motile cells are known to
have fewer focal adhesions and they are found at the periphery of the cell, which enhances at-
tachment and detachment from the surface during active migration. Fig 7 shows focal adhesion
staining of representative cells migrating on dynamic and non-dynamic linear and cyclic RGD
surfaces. Interestingly, cells on the higher affinity non-dynamic cyclic RGD surfaces (bottom
left micrograph) have more and larger focal adhesions and therefore cells migrate intermit-
tingly and slowly, but on the dynamic surface presenting cyclic RGD (lower right micrograph)
the cells have focal adhesions only on the periphery and are very motile and look indistinguish-
able from cells on lower affinity RGD surfaces (top row). Since the cells are contact inhibited
on the patterned islands we hypothesize that once they are allowed to migrate their motility
program supersedes the affinity of the substrate in order for the cells to find more space to mi-
grate and divide. We expected once the cells moved off the patterns onto high affinity cyclic
RGD surfaces that the cells would immediately halt their migration due to the very high affinity

Fig 7. Comparison of fluorescent micrographs of fibroblasts with focal adhesion staining on dynamic and non-dynamic surfaces. (Left column) On
non-dynamic surfaces, cells attached to linear RGD peptides have fewer numbers but more localized focal adhesions on the periphery of the cell comparing
to the cells adhered to cyclic RGD surfaces where more focal adhesions are found throughout the cell body. (Right column) On dynamic surfaces, very
similar number and distribution of focal adhesions are found within the cells for both linear and cyclic RGD surfaces after cells are allowed to move off the
initial circular patterns. The striking difference is the comparison between focal adhesion staining of the cells on dynamic-cyclic and non-dynamic—cyclic
RGD surfaces. Although the surface ligand composition is identical the cells chose different migratory behavior on the dynamic and non-dynamic cyclic RGD
surfaces reflected in velocity and focal adhesion distribution. Cell-substratum interactions on non-dynamic cyclic RGD surface is dominated by the high
affinity of the cyclic-RGD ligand and many stable focal adhesion complexes are distributed throughout the cell body. However, cells on dynamic cyclic RGD
surface are highly motile and focal adhesion formation is more transient and localized only at the periphery. It is thought that cells have a memory of their
initial state in which they were densely packed and contact inhibited and may influence their subsequent migratory behavior on the dynamic surfaces. Color:
green, paxillin; red, actin; blue, nuclei.

doi:10.1371/journal.pone.0118126.g007
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of cyclic RGD to their cell surface integrin receptors. Instead, the cells migrated at a greater ve-
locity and therefore the cells are somehow able to retain a memory of their initial pattern and
are able to either down-regulate their integrin receptors or change the affinity state of the integ-
rins to migrate. We also observed for longer periods (> 20 hrs) some cells divided and the re-
sulting daughter cells continued to be very motile and had similar focal adhesion size and
number as the parent cells. This result brings the issue of persistence of cell motility memory
that is carried through cell division. We are currently investigating whether the integrin recep-
tors remain in the high active state of migration (with selective integrin antibodies) which is
carried through cell division to the daughter cells. We are also actively studying the role of cell-
cell communication, integrin activity (regulation) state and key gene signaling levels in order to
decipher the complex signaling that regulates this behavior. These results show that cells are
able to modulate their migration behavior on amolecularly defined surface based on their ini-
tial position and may be important to understanding basic cell migration and the transition to
metastasis for cancer cells from tumors.

Whole Genome Microarrays Reveal Differential Gene Expression on
Dynamic and Non-Dynamic Surfaces
To investigate how the cells are able to modulate their migratory behavior at the genomic level
on different RGD-ligand affinity dynamic and non-dynamic surfaces, we incorporated whole
genome microarray analysis with these molecularly tailored surfaces. We used this strategy to
identify key genes that may be responsible for the cell migration memory mechanism that is
employed to regulate cell behavior on different surface compositions.

A total of five different groups of samples were compared and are illustrated in Fig 8. For fi-
bronectin surfaces, fibroblasts were seeded onto fibronectin patterns to which they adhered
and became contact inhibited. The cells and substrate were not exposed to RGD ligand and
therefore cells were not able to migrate and remained confined to the patterns (Fig 8A, a). For
dynamic surfaces, the substrates with patterned cells were activated electrochemically and
RGD peptide immobilization was followed (Fig 8A, b). Either cyclic RGD or linear RGD was
installed onto the surface. Upon recognizing the RGD ligand, cells initiated migration. For the
non-dynamic surface, RGD peptide (cyclic or linear form) was coupled to the surface before
adding cells (Fig 8A, c). For both dynamic and non-dynamic substrates, cells were incubated
for 24 hours after migrating on immobilized RGD ligand surfaces. Cells on the fibronectin sur-
face were also incubated for 24 hours. After this period of time, cells from each substrate were
collected and RNA was extracted. Total RNA was purified, amplified and labeled with Cy5. As
a reference, RNA was obtained from regularly cultured cells in tissue culture flasks and incor-
porated with Cy3 after purification and amplification. Each sample and reference were hybrid-
ized onto a whole mouse genome microarray. Each microarray analysis visualizes differential
gene expression between reference and the sample. By normalizing the data, gene expression
levels between sample groups can also be compared.

Cell numbers in regular culture were maintained below 70–80% confluency, hence these
cells are regarded as proliferating and migrating at a normal rate. Cells on the fibronectin pat-
terns are close packed and the resulting contact inhibition arrests both growth and migration.
However, cells on the dynamic surface and non-dynamic surface are permitted to migrate free-
ly on the RGD tailored surfaces, although how the cells gain access to the RGD ligands to initi-
ate migration is different (see discussion of dynamic vs. non-dynamic surface for cell migration
above). A cluster image created by GeneSpring software visualizes differential gene expression
levels between samples (Fig 8B). The gene expression pattern profiles are strikingly different
for dynamic, non-dynamic and fibronectin surfaces. The ligand affinity between the cyclic and
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Fig 8. Comparison of gene expression by whole mouse genomemicroarray. (A) Schematic diagram of two-color whole genomemicroarray
hybridization experiment. a. Fibronectin surface—microcontact printed area was adsorbed with fibronectin to enhance cell attachment. No RGDwas added
thus there was no cell migration; b. Dynamic surface—in the presence of the cells on the fibronectin patterns, RGD (linear or cyclic form) was immobilized.
Cells were allowed to migrate for 24 hours in complete medium at 37°C, 5% CO2; c. Non-dynamic surface—linear or cyclic RGD was immobilized on the
SAM surface via an interfacial oxime linkage. Cells were added onto the surface and incubated for 24 hours in the same condition as above. From each
surface cells were collected by trypsinization and RNA was extracted. RNAs were amplified using random primers and labeled with Cy5. For the reference of
hybridization experiment, cells grown in common culture flask were harvested. RNA was extracted and amplified in the same method and labeled with Cy3.
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linear form of RGD also had interesting gene expression profile differences between dynamic
and non-dynamic surfaces. For example, Myl7 (Myosin, light polypeptide 7, regulatory) which
functions in focal adhesions, tight junctions and regulation of actin cytoskeleton shows higher
expression on dynamic surfaces than the reference. In non-dynamic surface conditions it is ex-
pressed at even higher levels while fibronectin surface conditions kept the expression level sim-
ilar to that of reference. Wnt6 (Wingless-related MMTV integration site 6) which is important
in the Wnt and hedgehog signaling pathways is up-regulated on the fibronectin surface and dy-
namic surface but is significantly down-regulated on non-dynamic surface conditions. Cells on
both dynamic and non-dynamic surfaces that had been exposed to RGD peptide expressed
high levels of IL1a (interleukin-1-α). IL1a is known to be produced as a response to infection
or environmental change to stimulate growth and initiate an immune response. Interestingly
the expression level is 3 to 4-fold higher on dynamic substrates, but cells that were directly
added onto RGD surfaces expressed extremely high level (15 to 24-fold) of IL1a. Rasgrp2, Ras
guanyl releasing protein 2, is a component in MAPK signaling pathway and it can activate Ras.
It is up-regulated on dynamic and fibronectin surface samples but on non-dynamic surface
samples it has only 60% the level of regular expression.

Genes that show distinguished patterns between sample surface groups are summarized in
Table 1. The numbers in the table represent the fold change in expression level compared to
the reference sample. Many genes are found to be related to cell signaling pathways which reg-
ulate proliferation, migration, development and apoptosis. Also several genes functioning in
focal adhesion and cytoskeleton organization/biogenesis are regulated differently according to
the surface conditions. The integrin subunits responsible for fibronectin binding (α5β1) are ex-
pressed at similar levels for dynamic surfaces compared to regular culture. They are slightly
up-regulated on non-dynamic surfaces while down-regulated on the fibronectin surface. A few
other integrin subunits show characteristic expression patterns between samples while most
integrin subunits have little variation in expression level when compared to the reference.
Whether the regulation of such integrin subunit numbers on the cell surface at the transcrip-
tion level is directly linked to cell migration is not clear. Some extracellular matrix protein
genes are regulated at different levels depending on the surface conditions and how the cells
use them to modify the surface for subsequent migration is to be investigated. From the overall
microarray data analysis several of the genes that have the greatest difference in expression lev-
els have roles in certain key signaling pathways related to proliferation and migration. In par-
ticular, a few candidate genes in the Wnt and Hedgehog signaling pathway are currently under
investigation for their specific role in cell motility and proliferation mechanisms that influence
cell migration memory. This genomic approach coupled with proteomic analysis may reveal a
signature map that regulates cell motility and cell migration memory. An extended gene list for
each pathway category is shown in (S1 Table).

Labeled nucleic acid samples (a, b and c) and reference were used in microarray hybridization. After scanning the microarray slides, the intensity of two
colors in each array was normalized and analyzed. (B) Hierarchical cluster analysis of microarray data. The expression profiles of 1716 genes whose
intensity differed 2.5-fold or more between the reference and at least one sample were chosen for hierarchical clustering analysis with Genespring software.
The cluster image was created according to underlying similarities in patterns of gene expression. The column represents each sample group, in which the
mean of four separate microarray data are shown (t-test p-value less than 0.05). The genes are listed in rows. The normalized expression level for each gene
is coded by color. Red indicates high expression and blue indicates low expression in each sample. For example, Il1a, interleukin-1-α, is extremely up-
regulated in non-dynamic surface samples but only mildly up-regulated in dynamic and fibronectin surface samples. Myl7, Myosin light polypeptide 7, is
significantly highly expressed in dynamic and non-dynamic surface samples while it is down-regulated in fibronectin surface sample (gene accession number
in parentheses). The expression of Wnt6 and Rasgrp2, wingless-related MMTV integration site 6 and Ras guanyl releasing protein 2 respectively, are up-
regulated on dynamic surfaces and fibronectin surface samples while the non-dynamic surface samples have much lower expression. [Dyn C], dynamic
surface with cyclic RGD; [Dyn L], dynamic surface with linear RGD; [FN], fibronectin patterned surface; [ND C], non-dynamic surface with cyclic RGD; [ND L],
non-dynamic surface with linear RGD].

doi:10.1371/journal.pone.0118126.g008
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Conclusion
A dynamic substrate has been generated and shown to have spatial and temporal control of cell
behavior. The model substrate is based on an electroactive surface where patterned cells can be
released upon mild electrochemical activation to install adhesive ligands which are required to
initiate and support cell migration and growth. The use of the reversible hydroquinone-qui-
none system that is under external electrochemical control allows for the quantitative real-time
change in surface properties in the presence of adhered cells. The chemoselective reaction

Table 1. Genes that show distinguished patterns between sample surface groups.

Category *Dyn
C

Dyn
L

FN ND C ND L Name Symbol

Signaling 3.09 3.75 2.78 15.64 13.12 Wingless-related MMTV integration site 2 Wnt2

2.51 2.90 5.77 0.50 0.48 Wingless-related MMTV integration site 6 Wnt6

2.48 3.22 8.89 0.81 0.89 Axin2 Axin2

2.75 2.57 3.00 0.67 0.77 Secreted frizzled-related protein 1 Sfrp1

3.35 3.81 1.46 23.96 15.28 Interleukin 1 alpha Il1a

2.37 2.37 4.91 0.60 0.69 RAS, guanyl releasing protein 2 Rasgrp2

2.42 3.52 5.68 1.37 1.11 Patched homolog 2 Ptch2

1.31 1.81 1.17 15.94 14.69 Amphiregulin Areg

Focal Adhesion/ Regulation of
Actin

4.05 3.09 5.99 9.48 15.43 Von Willebrand factor homolog Vwf

3.09 3.09 3.62 13.86 10.71 NCK associated protein 1 like Nckap1l

1.54 0.75 2.55 0.28 0.23 Insulin-like growth factor 1 Igf1

1.65 1.88 0.50 0.46 0.29 Actin, alpha 2, smooth muscle, aorta Acta2

2.03 2.50 0.90 5.60 4.09 Myosin, light polypeptide 7, regulatory Myl7

Integrins 7.32 8.38 13.85 1.12 0.63 Integrin, alpha 11 Itga11

1.50 1.92 1.64 5.39 7.78 Integrin alpha 2 Itga2

1.04 0.98 0.56 1.80 2.85 Integrin alpha 5 (fibronectin receptor alpha) Itga5

1.24 1.02 0.62 1.25 1.57 Integrin beta 1 (fibronectin receptor beta) Itgb1

Adhesion Molecules 1.34 1.54 3.02 0.64 0.48 Intercellular adhesion molecule Icam1

0.88 0.86 2.42 9.45 9.69 Cadherin EGF LAG seven-pass G-type receptor 1 Celsr1

1.50 1.80 1.30 5.38 5.56 Cadherin 5 Cdh5

1.53 1.63 0.98 12.77 16.94 Cadherin 6 Cdh6

2.71 2.81 3.57 10.13 8.98 Junction adhesion molecule 2 Jam2

Extracellular Matrix 1.66 1.56 3.00 0.49 0.32 Procollagen, type II, alpha 1 Col2a1

3.82 4.78 7.82 3.86 4.20 Procollagen, type XVIII, alpha 1 Col18a1

6.63 5.24 7.51 1.23 0.98 Laminin, alpha 4 Lama4

0.71 0.68 0.52 4.56 5.20 Laminin, beta 3 Lamb3

Growth 1.43 1.81 2.31 8.47 6.59 Fibroblast growth factor 21 Fgf21

1.84 2.19 0.49 2.74 2.22 Connective tissue growth factor Ctgf

3.47 2.70 1.33 4.69 3.38 Gremlin 2 homolog, cysteine knot superfamily (Xenopus
laevis)

Grem2

0.66 0.84 0.87 3.81 3.65 Growth differentiation factor 9 Gdf9

Apoptosis 0.86 1.31 1.80 1.29 1.38 Caspase 9 Casp9

0.52 0.47 1.13 1.23 1.69 Aldehyde dehydrogenase 1 family, member L1 Aldh1l1

3.78 4.38 4.83 11.56 12.36 Aldo-keto reductase family 1, member C18 Akr1c18

*Symbols: Dyn C—Dynamic surface with cyclic RGD Dyn L—Dynamic surface with linear RGD FN—Fibronectin patterned surface ND C—Non-dynamic

surface with cyclic RGD ND L—Non-dynamic surface with linear RGD

doi:10.1371/journal.pone.0118126.t001
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between soluble oxyamine-tethered ligands and the quinone form of the redox couple is com-
patible with cell culture conditions and this synthetic flexibility allows for tailoring the surface
with a variety of biomolecules and ligands. The use of cyclic voltammetry to distinguish be-
tween the diagnostic peaks of the product oxime and the initial hydroquinone-quinone peaks
is essential for characterizing the extent of the interfacial reaction and therefore allows for the
precise control of ligand density on the surface.

We have shown the dynamic surface has exquisite molecular control of the ligand-recep-
tor interaction between cell and material and demonstrated the utility of this methodology by
studying the interplay of cell population, ligand density, geometry and integrin composition
on cell behavior in real-time. We have also shown for the first time a novel behavior of cell
migration memory where cells are able to change their migration velocity and focal adhesion
patterns depending on their initial position that supersedes the underlying surface chemistry.
Furthermore, whole genome microarray analysis showed several genes regulating cell signal-
ing, cytoskeleton organization and proliferation are expressed at significantly different levels
depending on the spatio-temporal control of the surface composition. This genomic profiling
analysis combined with proteomic data will further initiate studies to explore at the systems
biology level the key components responsible for cell motility and cell migration memory
behavior.

These dynamic surfaces potentially have the ability to modulate several ligands simulta-
neously to adhered cells and may also be used to control the spatial and temporal interactions
between two or more different populations of attached cells for co-culture, multi-cell array and
tissue engineering applications. Because of the synthetic flexibility of the methodology and the
compatibility with high throughput and parallel assay technologies, library of peptides, carbo-
hydrates and small molecules can be immobilized and screened for a variety of studies and ap-
plications [42–45]. In combination with microfluidics and other surface based technologies
and spectroscopies, numerous basic cell biology and biotechnology applications are now possi-
ble with these dynamic substrates [46–64]. The cell migration memory results may open a new
research area to decipher how the dynamic microenvironment influences cell motility in cancer
cell biology and development.

Materials and Methods
All the solvents for the synthetic procedures were HPLC grade. THF was distilled from
sodium benzophenone under nitrogen before use. Absolute ethanol was purchased from
Aaper Alcohol & Chemical Company. Flash chromatography was carried out using silica
gel (230–400 mesh). All amino acids and resin were purchased from Anaspec, Inc. (La Jolla,
CA). The chemical reagents were purchased from Sigma Aldrich and Acros and used as
received.

Synthesis of Alkanethiols
Alkanethiols terminated with hydroquinone groups and tetra(ethylene glycol) groups were
prepared as previously described [19].

Preparation of Monolayers
All gold substrates were prepared by electron-beam deposition of titanium (3 nm) and then
gold (12 nm) on glass cover slips (7.5 cm × 2.5 cm). All gold coated glass substrates were cut
into 1 cm2 pieces and washed with absolute ethanol. The substrates were immersed in an etha-
nolic solution containing the alkanethiols (1 mM) for 12 hours, and then cleaned with ethanol
prior to each experiment.
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Electrochemical Measurements
All electrochemical experiments were performed using a Bioanalytical Systems CV–100W
potentiostat. Electrochemistry on SAMs was performed in 1 M HClO4, using a platinum wire
as the counter electrode, Ag/AgCl as reference, and the gold SAM substrate as the working elec-
trode. All cyclic voltammograms were recorded at a scan rate of 50 mV/s.

Solid-Phase Peptide Synthesis
All peptides were synthesized by automated solid phase peptide synthesis using the CS136XT
Peptide Synthesizer (CS Bio Co., Menlo Park, CA).

Linear RGD. Fmoc (9-fluorenylmethoxycarbonyl)-protected amino acids were used on
Fmoc-Ser(tBu)-Rink Amide-MBHA resin. Synthesized peptide was cleaved from the resin by
agitating in a solution of trifluoroacetic acid (TFA):water:triisopropylsilane (95:2.5:2.5) for 3
hours. TFA was evaporated and the cleaved peptide was precipitated in cold diethyl ether. The
water-soluble peptide was extracted with water and lyophilized. Mass spectral data confirmed
the peptide product. MS (ESI) (m/z): [M+H]+ calculated for linear RGD-oxyamine
(C25H45N11O11), 676.69; found, 676.5. [M+H]+ calculated for control scrambled peptide,
GRD-oxyamine (C25H45N11O11), 676.69; found, 676.4. [M+H+] calculated for control soluble
peptide RGD (C17H31N9O8), 490.48; found, 490.3.

Cyclic RGD. The peptide DfKRG was synthesized using H-Gly-OH preloaded 2-chlorotri-
tyl resin. The mixture of acetic aicd:trifluoroethanol:dichloromethane (1:1:3) was added for
cleavage. The resulted peptide was dissolved in DMF and added with N, N-diisopropylethyla-
mine (DIEA) and PyBOP. The reaction was stirred for 12 hours and the solvent was removed in
vacuum. The resulted cyclic peptide was treated with TFA:water:triisopropylsilane (95:2.5:2.5)
for 3 hours and precipitated in diethyl ether. To introduce the oxyamine group on Lys side
chain, the peptide was treated with BOC-aminooxy acetic acid, PyBOP and DIEA in DMF for 10
hours. After removing DMF, the peptide was added with TFA for 1 hour and precipitated in di-
ethyl ether. The sample was dissolved in water and purified by HPLC (Waters). MS (ESI) (m/z):
[M+H]+ calculated for cyclic RGD-oxyamine (C29H44N10O9), 677.72; found, 677.4.

Cell Culture
The 3T3-Swiss albino cells (Tissue Culture Facility, UNC at Chapel Hill) were cultured in Dul-
becco’s Modified Eagle’s Medium (Sigma) supplemented with 10% bovine calf serum
(Hyclone) and 1% penicillin/streptomycin (100 units of penicillin/ 100 μg of streptomycin per
mL, Gibco) at 37°C and 5% CO2. To detach cells from the culture flask, cells were rinsed with
phosphate-buffered saline twice (PBS, sigma) and 0.05% trypsin /0.53 mM EDTA (Gibco) was
added. After incubating for 5 minutes, cells were resuspended in serum-free medium and cen-
trifuged at 1000 rpm for 5 minutes to remove trypsin. Cells were resuspended in serum-free
medium and added onto the substrates for the experiments.

CHO cell lines B2a27, B2a10, and B2 were gift from Prof. Rudy Juliano. CHO cells were cul-
tured in Minimum Essential Medium Containing GlutaMAX-I (L-Alanyl-L-Glutamine)
substituted on a molar equivalent basis for L-glutamine (Gibco) supplemented with 10% fetal
bovine serum (Hyclone) and 1% penicillin/streptomycin (Gibco) at 37°C and 5% CO2. The
same procedure as above was used to detach cells from the culture flask.

Preparation of Dynamic Surfaces
Microcontact printing was used to print hexadecanethiol on the gold-coated substrates in cir-
cular or linear patterns with a poly(dimethylsiloxane) stamp. The substrates were immersed in
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a 1 mM ethanol solution of hydroquinone-terminated alkanethiol and tetra(ethylene glycol)-
terminated alkanethiol for 12 hours to make mixed SAMs. The substrates were rinsed with ab-
solute ethanol and dried under air flow. The patterned regions with hexadecanethiolate mono-
layer were adsorbed with fibronectin (from bovine plasma, Sigma) by adding a solution of
fibronectin in PBS (0.1 mg/mL) onto substrates. After 2 hours, the substrates were rinsed with
water and dried. The 3T3-Swiss albino cells in serum-free medium were seeded onto the SAM
substrates in a concentration of 105 cells/mL and incubated at 37°C and 5% CO2. After 3 hours,
the serum-free medium was replaced with serum-containing medium and incubated at the
same condition. When cells were attached and relaxed evenly on the patterns (usually after 10–
12 hours), the substrates were rinsed in serum-free medium twice. The substrates were oxidized
electrochemically at 750 mV for 5 seconds. To the substrates was added 20 mM RGD-oxya-
mine peptide (linear, cyclic or mixture RGD) solution in serum-free medium and incubated at
37°C and 5% CO2 for 2 hours. The substrates were then placed in serum-containing medium
and incubated at 37°C and 5% CO2 and monitored with live cell microscopy.

Preparation of Non-dynamic Surfaces
Mixed SAMs were prepared by immersing gold-coated glass cover slips in a 1 mM ethanol so-
lution of hydroquinone-terminated alkanethiol (1 to 10% in v/v) and tetra(ethylene glycol)-ter-
minated alkanethiol for 12 hours. The substrates were rinsed with absolute ethanol and dried
under air flow. The substrates were oxidized electrochemically at 750 mV for 10 seconds and
rinsed with water. The substrates were incubated with 20 mM RGD (linear, cyclic or mixture
RGD peptide) in PBS for 3 hours at room temperature. The substrates were then washed in
water and dried. 3T3-Swiss albino fibroblasts were then added in the concentration of 104

cells/mL. The low cell seeding density is in order to exclude interactions between cells.

Staining for Fluorescence Microscopy
Adherent cells were fixed with 3.2% paraformaldehyde in PBS for 10 minutes and then per-
meabilized with 0.1% Triton-X100 in PBS (PBST) for 10 minutes. Cells were then stained with
anti-paxillin anitibodies (1:200, BD biosciences) in PBST containing 5% goat serum for 1 hour,
followed by Cy2-conjugated goat anti-mouse IgG (1:200 in PBST, Jackson ImmunoResearch),
phalloidin-tetramethylrhodamine B isothiocyanate (1:100 in PBST, Sigma), and DAPI (4’,
6-diamidino-2-phenylindole dihydrochloride, Sigma) (1:500 in PBST) for 1 hour. Substrates
were rinsed with deionized water before being mounted onto glass cover slips for microscopy.
All optical and fluorescent micrographs were imaged using a Nikon inverted microscope
(model TE2000–E). All images were captured and processed by MetaMorph.

Movies
Time-lapse images were recorded by 2 or 5 minutes interval for 30–72 hours. The images were
combined using MetaMorph software to create movie files. Cell tracking function in Meta-
Morph was used to measure the total distance cells had migrated on dynamic or non-dynamic
surfaces.

BrdU Staining
Actively growing cells on the dynamic surfaces were pulsed for 1 hour with 10 μM BrdU (bro-
modeoxyuridine, Sigma) at 37°C and 5% CO2. After washing with PBS, ice cold 70% ethanol
was added and cells were incubated for 20 minutes at room temperature (RT). Cells were
washed in PBS and then 2 M HCl was added and incubated at RT for 20 minutes. After rinsing
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with PBS, cells were treated with 0.1 M sodium borate (Na2B4O7, pH 8.5) for 2 minutes at RT.
Then 0.5% BSA (bovine serum albumin) in PBST was added for 15 minutes. Anti-BrdU mono-
clonal antibody (BD pharmingen) in 0.5% BSA/PBST (1:500) was added for 1 hour at RT. Cells
were washed in PBST and treated with Cy2-conjugated goat anti-mouse IgG (1:100) for 30
minutes at RT. Washing in PBST was followed. DAPI diluted in PBST (1:500) was added for
10 minutes to stain whole nuclei.

Whole Genome Microarray
Dynamic and non-dynamic surfaces were prepared with linear RGD or cyclic RGD as de-
scribed above. The peptide was immobilized in the density of 2% of the surface area. Cells
were allowed to migrate for 24 hours in the incubator before collecting for RNA extraction.
Cells on the fibronectin pattern were prepared with no addition of RGD ligand, but they were
incubated for the equal amount of time with the non-dynamic substrates. As a reference, reg-
ularly cultured cells in tissue culture flask were used. Cells from 70~80% confluent monolay-
ers with regular morphology and behavior were harvested to extract RNA. Total RNA from
each sample and reference was purified using the RNeasy Mini Kit (Qiagen Inc., Valencia,
CA, USA) according to the manufacturer's protocol. RNA quality check, labeling, array hy-
bridization and image scanning were performed by the Genomics and Bioinformatics Core at
the UNC Lineberger Comprehensive Cancer Center (Chapel Hill, NC, USA) and the follow-
ing is a brief description of the method. The integrity of the RNA was determined using the
2100 Bioanalyzer RNA Series II Kits (Agilent Technologies Inc., Santa Clara, CA, USA). The
spike mixes of Two-color RNA Spike-In kit (Agilent Technologies Inc.) were diluted, then
added directly to RNA samples prior to amplification and labeling. Total RNA samples
(2.0 μg) were amplified using T7 primers to make cRNA. The cRNAs from samples were la-
beled with Cy5 and the reference cRNA was incorporated with Cy3. The labeled samples and
reference were co-hybridized to Agilent Whole Mouse Genome Microarrays (G4122F). They
were then washed and scanned on an Agilent DNA microarray scanner (Agilent Technolo-
gies Inc.). Each microarray experiment was repeated three more times per sample. The mi-
croarray images generated by the scanner were analyzed using Feature Extraction 9.5.3
software (Agilent Technologies Inc.). The raw data tables were uploaded into the UNCMi-
croarray Database where a Lowess normalization is automatically performed to adjust the
Cy3 and Cy5 channels. All microarray raw data tables are available at Gene Expression Om-
nibus Accession number GSE62304 (http://www.ncbi.nlm.nih.gov/geo/). The Hierarchical
cluster image was created by GeneSpring 7 (Agilent Technologies Inc.). Using this software
the raw data was normalized by intensity dependent (Lowess) normalization (per spot and
per chip). Among 41,233 genes, 1716 genes were selected by filtering the data with t-test
p-value of four replicates less than 0.05 and normalized data larger than 2.5 in at least 1 of 5
sample conditions.

Supporting Information
S1 Fig. Cyclic voltammogram characterization of the electroactive monolayers.Mixed
monolayer of alkanethiolates presenting hydroquinone (50%) and tetra(ethylene glycol) (50%)
groups on gold was used as working electrode. Electrochemistry was performed at a scan rate
of 50 mV/s in 1M HClO4. (A) The hydroquinone monolayer is reversibly oxidized to the qui-
none at 540 mV and reduced back at 320 mV. (B) The oxime conjugate with RGD peptide has
characteristic peaks at 620 mV (oxidation) and 480 mV (reduction). The cyclic voltammo-
grams were used to determine the extent and yield of the interfacial reaction.
(PDF)
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S2 Fig. Control experiment of dynamic substrates. (A) Non-patterned area was composed of
tetra(ethylene glycol)- and hydroquinone- terminated alkanethiolates (99:1). No adhesive li-
gand was immobilized. Cells were found confined in the patterned area after 48 hrs. (B) GRD-
oxyamine was immobilized in the same procedure as RGD surface. Cells were found confined
in the patterned area after 48 hrs. Color: green, tubulin; red, actin; blue, nuclei.
(PDF)

S1 Movie. Control experiment of dynamic substrates. Swiss albino 3T3 cells were patterned
in circles (diameter 160 μm). Non-patterned area was composed of tetra(ethylene glycol)- and
hydroquinone- terminated alkanethiolates (ratio of 99:1) and no adhesive ligand was immobi-
lized. The frames were taken every 5 minute for 3 days. Cells near the edge of the pattern dy-
namically sample the environment by protruding filopodia and lamellipodia and membrane
ruffling constantly. Cells do not migrate out and are remained confined because there is no li-
gand to interact with outside the patterned area.
(AVI)

S2 Movie. Cell migration on linear RGD dynamic surface. Cells were patterned in the same
manner as in Movie 1. The substrate was electrochemically activated and RGD peptide was im-
mobilized on the surface in the presence of patterned cells. The time-lapse microscopy was
started 4 hrs after RGD immobilization. The frames were taken every 5 minute for 3 days. Cells
actively migrate off the pattern via interaction with RGD on the surface.
(AVI)

S3 Movie. Cell migration on cyclic RGD dynamic surface. Cyclic form of RGD ligand was
immobilized on the surface. The time-lapse images were collected in the same manner as in S2
Movie.
(AVI)

S1 Table. Extended gene list frommicroarray analysis.
(PDF)

Author Contributions
Conceived and designed the experiments: MNY. Performed the experiments: EJL EWLCWL.
Analyzed the data: EJL EWLCWLMNY. Contributed reagents/materials/analysis tools: EJL
EWLCWL. Wrote the paper: EJL WLMNY.

References
1. Mrksich M (2000) A surface chemistry approach to studying cell adhesion. Chem Soc Rev 29:267–

273.

2. Yousaf MN, Mrksich M (2002) Dynamic substrates: modulating the behaviors of attached cells. In new
technologies for life sciences: a trends guide ( Elsevier), pp 28–35.

3. Lauffenburger DA, Horwitz AF (1996) Cell migration: a physically integrated molecular process. Cell
84:359–369. PMID: 8608589

4. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, et al. (2003) Cell migration: integrating
signals from front to back. Science 302:1704–1709. PMID: 14657486

5. Geiger B, Bershadsky A, Pankov R, Yamada KM (2001) Transmembrane extracellular matrix-cytoskel-
eton crosstalk. Nat Rev Mol Cell Biol 2:793–805. PMID: 11715046

6. Giancotti FG (1997) Integrin signaling: specificity and control of cell survival and cell cycle progression.
Curr Opin Cell Biol 9:691–700. PMID: 9330873

7. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE (1997) Geometric control of cell life and
death. Science 276:1425–1428. PMID: 9162012

8. Varner JA, Cheresh DA (1996) Integrins and cancer. Curr Opin Cell Biol 8:724–730. PMID: 8939661

Smart Surfaces for Studies of Cell Behavior

PLOS ONE | DOI:10.1371/journal.pone.0118126 June 1, 2015 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118126.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118126.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118126.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118126.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118126.s006
http://www.ncbi.nlm.nih.gov/pubmed/8608589
http://www.ncbi.nlm.nih.gov/pubmed/14657486
http://www.ncbi.nlm.nih.gov/pubmed/11715046
http://www.ncbi.nlm.nih.gov/pubmed/9330873
http://www.ncbi.nlm.nih.gov/pubmed/9162012
http://www.ncbi.nlm.nih.gov/pubmed/8939661


9. Fashena SJ, Thomas SM (2000) Signaling by adhesion receptors. Nat Cell Biol 2:E225–E229. PMID:
11146674

10. Webb DJ, Parsons JT, Horwitz AF (2002) Adhesion assembly, disassembly and turnover in migrating
cells—over and over and over again. Nat Cell Biol 4:E97–E100. PMID: 11944043

11. Clark EA, Brugge JS (1995) Integrins and signal transduction pathways: the road taken. Science
268:233–239. PMID: 7716514

12. Schwartz MA, Schaller MD, Ginsberg MH (1995) Integrins: emerging paradigms of signal transduction.
Annu Rev Cell Biol 11:549–599.

13. Hynes RO (1992) Integrins: versatility, modulation, and signaling in cell adhesion. Cell 69:11–25.
PMID: 1555235

14. LuoW, Jones SR, Yousaf MN (2008) Geometric Control of Stem Cell Differentiation Rate on Surfaces.
Langmuir 24: 12129–12133. doi: 10.1021/la802836g PMID: 18850687

15. LuoW, Yousaf MN (2011) Tissue Morphing Control on Dynamic Gradient Surfaces. J Am Chem Soc
133: 10780–10783. doi: 10.1021/ja204893w PMID: 21707041

16. LuoW, Yousaf MN (2009) Tailored Electroactive Nanorods for Biospecific Cell Adhesion and Differenti-
ation. Chem Comm 1237–1239. doi: 10.1039/b817212a PMID: 19240885

17. LuoW, Yousaf MN (2011) Developing A Self-Assembled Monolayer Microarray to Study Stem Cell Dif-
ferentiation. J Colloid Interf Sci 360: 325–330. doi: 10.1016/j.jcis.2011.04.098 PMID: 21601214

18. Lamb BM, Yousaf MN (2011) Redox Switchable Surface for Controlling Peptide Structure. J Am Chem
Soc 133: 8870–8873. doi: 10.1021/ja203198y PMID: 21595476

19. Chan EWL, Yousaf MN (2006) Immobilization of ligands with precise control of density to electroactive
surfaces. J Am Chem Soc 128:15542–15546. PMID: 17132022

20. Chan EWL, Park S, Yousaf MN (2008) An electroactive catalytic dynamic substrate that immobilizes
and releases patterned ligands, proteins and cells. Angew Chem Int Ed 47:6267–6271. doi: 10.1002/
anie.200800166 PMID: 18567039

21. Chan EWL, Yousaf MN (2007) Site-selective immobilization of ligands with control of density on electro-
active microelectrode arrays. ChemPhysChem 8:1469–1472. PMID: 17557372

22. Prime KL, Whitesides GM (1991) Self-assembled organic monolayers: model systems for studying ad-
sorption of proteins at surfaces. Science 252:1164–1167. PMID: 2031186

23. Ruoslahti E, Pierschbacher MD (1987) New perspectives in cell adhesion: RGD and integrins. Science
238:491–497. PMID: 2821619

24. Pierschbacher MD, Ruoslahti E (1984) Cell attachment activity of fibronectin can be duplicated by
small synthetic fragments of the molecule. Nature 309:30–33. PMID: 6325925

25. Lutolf MP, Hubbell JA (2005) Synthetic biomaterials as instructive extracellular microenvironments for
morphogenesis in tissue engineering. Nat Biotechnol 23:47–55. PMID: 15637621

26. Ruoslahti E (1996) RGD and other recognition sequences for integrins. Annu Rev Cell Dev Biol
12:697–715. PMID: 8970741

27. Valster A, Tran NL, Nakada M, Berens ME, Chan AY, Symons M. (2005) Cell migration and invasion
assays. Methods 37:208–215. PMID: 16288884

28. Kahsai AW, Zhu S, Wardrop DJ, LaneWS, Fenteany G (2006) Quinocarmycin analog DX-52-1 inhibits
cell migration and targets radixin, disrupting interactions of radixin with actin and CD44. Chem Biol
13:973–983. PMID: 16984887

29. Klemke RL, Leng J, Molander R, Brooks PC, Vuori K, Cheresh DA. (1998) CAS/Crk coupling serves as
a "molecular switch" for induction of cell migration. J Cell Biol 140:961–972. PMID: 9472046

30. Jiang X, Bruzewicz DA, Wong AP, Piel M, Whitesides GM (2005) Directing cell migration with asymmet-
ric micropatterns. Proc Natl Acad Sci USA 102:975–978. PMID: 15653772

31. Kim S, Chung EH, Gilbert M, Healy KE (2005) Synthetic MMP-13 degradable ECMs based on poly(N-
isopropylacrylamide-co-acrylic acid) semi-interpenetrating polymer networks. I. Degradation and cell
migration. J Biomed Mater Res A 75A:73–88.

32. Shimizu T, Yamato M, Kikuchi A, Okano T (2003) Cell sheet engineering for myocardial tissue recon-
struction. Biomaterials 24:2309–2316. PMID: 12699668

33. Maheshwari G, Brown G, Lauffenburger DA, Wells A, Griffith L (2000) Cell adhesion and motility de-
pend on nanoscale RGD clustering. J Cell Sci 113:1677–1686. PMID: 10769199

34. Bauer JS, Varner J, Schreiner C, Kornberg L, Nicholas R, Juliano RL. (1993) Functional role of the cyto-
plasmic domain of the integrin alpha 5 subunit. J Cell Biol 122:209–221. PMID: 7686163

Smart Surfaces for Studies of Cell Behavior

PLOS ONE | DOI:10.1371/journal.pone.0118126 June 1, 2015 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/11146674
http://www.ncbi.nlm.nih.gov/pubmed/11944043
http://www.ncbi.nlm.nih.gov/pubmed/7716514
http://www.ncbi.nlm.nih.gov/pubmed/1555235
http://dx.doi.org/10.1021/la802836g
http://www.ncbi.nlm.nih.gov/pubmed/18850687
http://dx.doi.org/10.1021/ja204893w
http://www.ncbi.nlm.nih.gov/pubmed/21707041
http://dx.doi.org/10.1039/b817212a
http://www.ncbi.nlm.nih.gov/pubmed/19240885
http://dx.doi.org/10.1016/j.jcis.2011.04.098
http://www.ncbi.nlm.nih.gov/pubmed/21601214
http://dx.doi.org/10.1021/ja203198y
http://www.ncbi.nlm.nih.gov/pubmed/21595476
http://www.ncbi.nlm.nih.gov/pubmed/17132022
http://dx.doi.org/10.1002/anie.200800166
http://dx.doi.org/10.1002/anie.200800166
http://www.ncbi.nlm.nih.gov/pubmed/18567039
http://www.ncbi.nlm.nih.gov/pubmed/17557372
http://www.ncbi.nlm.nih.gov/pubmed/2031186
http://www.ncbi.nlm.nih.gov/pubmed/2821619
http://www.ncbi.nlm.nih.gov/pubmed/6325925
http://www.ncbi.nlm.nih.gov/pubmed/15637621
http://www.ncbi.nlm.nih.gov/pubmed/8970741
http://www.ncbi.nlm.nih.gov/pubmed/16288884
http://www.ncbi.nlm.nih.gov/pubmed/16984887
http://www.ncbi.nlm.nih.gov/pubmed/9472046
http://www.ncbi.nlm.nih.gov/pubmed/15653772
http://www.ncbi.nlm.nih.gov/pubmed/12699668
http://www.ncbi.nlm.nih.gov/pubmed/10769199
http://www.ncbi.nlm.nih.gov/pubmed/7686163


35. Haubner R, Gratias R, Diefenbach B, Goodman SL, Jonczyk A, Kessler H. (1996) Structural and func-
tional aspects of RGD-containing cyclic pentapeptides as highly potent and selective integrin αvβ3 an-
tagonists. J Am Chem Soc 118:7461–7472.

36. Thumshirn G, Hersel U, Goodman SL, Kessler H (2003) Multimeric cyclic RGD peptides as potential
tools for tumor targeting: solid-phase peptide synthesis and chemoselective oxime ligation. Chem Eur J
9:2717–2725. PMID: 12772286

37. Palacek SP, Loftus JC, Ginsberg MH, Lauffenburger DA, Horwitz AF (1997) Integrin/ligand binding
properties govern cell migration speed through cell/substratum adhesiveness. Nature 385:537–540.
PMID: 9020360

38. Albini A, Mirisola V, Pfeffer U (2008) Metastasis signatures: genes regulating tumor-microenvironment
interactions predict metastatic behavior. Cancer Metastasis Rev 27:75–83. PMID: 18046511

39. Padua D, Zhang XH, Wang Q, Nadal C, Gerald WL, Gomis RR, et al. (2008) TGFβ primes breast tu-
mors for lung metastasis seeding through angiopoietin-like 4. Cell 133:66–77. doi: 10.1016/j.cell.2008.
01.046 PMID: 18394990

40. Grinnell F (1986) Focal adhesion sites and the removal of substratum-bound fibronectin. J Cell Biol
103:2697–2706. PMID: 2947902

41. Turner CE, Glenney JR, Burridge K (1990) Paxillin: a new vinculin-binding protein present in focal adhe-
sions. J Cell Biol 111:1059–1068. PMID: 2118142

42. Hoover DK, Lee E-J, Chan EWL, Yousaf MN (2007) Electroactive nanoarrays for biospecific ligand me-
diated studies of cell adhesion. ChemBioChem 8:1920–1923. PMID: 17924378

43. Hoover DK, Chan EWL, Yousaf MN (2008) Asymmetric peptide nanoarray surfaces for studies of single
cell polarization. J Am Chem Soc 130:3280–3281. doi: 10.1021/ja711016m PMID: 18290651

44. Park S, Yousaf MN (2008) An interfacial oxime reaction to immobilize ligands and cells in patterns and
gradients to photo- active surfaces. Langmuir 24:6201–6207. doi: 10.1021/la8005663 PMID:
18479156

45. LuoW, Chan EWL, Yousaf MN (2010) Tailored Electroactive and Quantitative Ligand Density Microar-
rays Applied to Stem Cell Differentiation. J Am Chem Soc 132: 2614–2621. doi: 10.1021/ja907187f
PMID: 20131824

46. LuoW, Westcott NP, Pulsipher A, Yousaf MN (2008) Renewable and Optically Transparent Electroac-
tive Indium Tin Oxide (ITO) Surfaces for Chemoselective Ligand Immobilization and Biospecific Cell
Adhesion. Langmuir 24: 13096–13101. doi: 10.1021/la802775v PMID: 18928305

47. Chan EWL, Yousaf MN (2007) Surface chemistry control to silence gene expression in Drosophila
Schneider 2 cells through RNA interference. Angew Chem Int Ed 46:3881–3884. PMID: 17415732

48. Barrett DG, Yousaf MN (2007) Rapid patterning of cells and cell co-cultures on surfaces with spatial
and temporal control through centrifugation. Angew Chem Int Ed 46:7437–7439. PMID: 17705322

49. Lamb BM, Westcott NP, Yousaf MN (2008) Microfluidic lithography to create dynamic gradient SAM
surfaces for spatio-temporal control of directed cell migration. ChemBioChem 9:2628–2632. doi: 10.
1002/cbic.200800473 PMID: 18821557

50. Westcott NP, Yousaf MN (2008) Synergistic microfluidic and electrochemical strategy to activate and
pattern surfaces selectively with ligands and cells. Langmuir 24:2261–2265. doi: 10.1021/la703744v
PMID: 18278968

51. Chan EWL, Yousaf MN (2008) A photo-electroactive surface strategy for immobilizing ligands in pat-
terns and gradients for studies of cell polarization. Mol BioSyst 4:746–753. doi: 10.1039/b801394b
PMID: 18563249

52. Lamb BM, Westcott NP, Yousaf MN (2008) Live-cell fluorescence microscopy of directed cell migration
on partially etched electroactive SAM gold surfaces. ChemBioChem 9:2220–2224. doi: 10.1002/cbic.
200800400 PMID: 18752220

53. Dutta D, Pulsipher A, LuoW, Yousaf MN (2011) Synthetic Chemoselective Rewiring of Cell Surfaces:
Generation of Three-Dimensional Tissue Structures. J Am Chem Soc 133: 8704–8713. doi: 10.1021/
ja2022569 PMID: 21561150

54. LuoW, Yousaf MN (2011) Biomolecular Modification of Carbon Nanotubes for Studies of Cell Adhesion
and Migration. Nanotechnology 22: 494019. doi: 10.1088/0957-4484/22/49/494019 PMID: 22101926

55. Dutta D, Pulsipher A, LuoW, Yousaf MN (2011) Engineering Cell Surfaces via Liposome Fusion. Bio-
conjugate Chem 22: 2423–2433. doi: 10.1021/bc200236m PMID: 22054009

56. Nakanishi J (2014) Switchable Substrates for Analyzing and Engineering Cell Functions. Chem Asian J
9: 406–417. doi: 10.1002/asia.201301325 PMID: 24339448

57. Mendes PM (2008) Stimuli-Responsive Surfaces for Bio-Applications. Chem Soc Rev 37: 2512–2529.
doi: 10.1039/b714635n PMID: 18949123

Smart Surfaces for Studies of Cell Behavior

PLOS ONE | DOI:10.1371/journal.pone.0118126 June 1, 2015 24 / 25

http://www.ncbi.nlm.nih.gov/pubmed/12772286
http://www.ncbi.nlm.nih.gov/pubmed/9020360
http://www.ncbi.nlm.nih.gov/pubmed/18046511
http://dx.doi.org/10.1016/j.cell.2008.01.046
http://dx.doi.org/10.1016/j.cell.2008.01.046
http://www.ncbi.nlm.nih.gov/pubmed/18394990
http://www.ncbi.nlm.nih.gov/pubmed/2947902
http://www.ncbi.nlm.nih.gov/pubmed/2118142
http://www.ncbi.nlm.nih.gov/pubmed/17924378
http://dx.doi.org/10.1021/ja711016m
http://www.ncbi.nlm.nih.gov/pubmed/18290651
http://dx.doi.org/10.1021/la8005663
http://www.ncbi.nlm.nih.gov/pubmed/18479156
http://dx.doi.org/10.1021/ja907187f
http://www.ncbi.nlm.nih.gov/pubmed/20131824
http://dx.doi.org/10.1021/la802775v
http://www.ncbi.nlm.nih.gov/pubmed/18928305
http://www.ncbi.nlm.nih.gov/pubmed/17415732
http://www.ncbi.nlm.nih.gov/pubmed/17705322
http://dx.doi.org/10.1002/cbic.200800473
http://dx.doi.org/10.1002/cbic.200800473
http://www.ncbi.nlm.nih.gov/pubmed/18821557
http://dx.doi.org/10.1021/la703744v
http://www.ncbi.nlm.nih.gov/pubmed/18278968
http://dx.doi.org/10.1039/b801394b
http://www.ncbi.nlm.nih.gov/pubmed/18563249
http://dx.doi.org/10.1002/cbic.200800400
http://dx.doi.org/10.1002/cbic.200800400
http://www.ncbi.nlm.nih.gov/pubmed/18752220
http://dx.doi.org/10.1021/ja2022569
http://dx.doi.org/10.1021/ja2022569
http://www.ncbi.nlm.nih.gov/pubmed/21561150
http://dx.doi.org/10.1088/0957-4484/22/49/494019
http://www.ncbi.nlm.nih.gov/pubmed/22101926
http://dx.doi.org/10.1021/bc200236m
http://www.ncbi.nlm.nih.gov/pubmed/22054009
http://dx.doi.org/10.1002/asia.201301325
http://www.ncbi.nlm.nih.gov/pubmed/24339448
http://dx.doi.org/10.1039/b714635n
http://www.ncbi.nlm.nih.gov/pubmed/18949123


58. Park S, Westcott NP, LuoW, Dutta D, Yousaf MN (2014) General Chemoselective and Redox-Respon-
sive Ligation and Release Strategy. Bioconjugate Chem 25: 543–551. doi: 10.1021/bc400565y PMID:
24559434

59. Lamb BM, LuoW, Nagdas S, Yousaf MN (2014) Cell Division Orientation on Biospecific Peptide Gradi-
ents. ACS Appl Mater Interf 6:11523–11528. doi: 10.1021/am502209k PMID: 25007410

60. Pulsipher A, Dutta D, LuoW, Yousaf MN (2014) Cell Surface Engineering by a Conjugation and Re-
lease Approach Based on the Formation and Cleavage of Oxime Linkages Upon Mild Electrochemical
Oxidation and Reduction. Angew Chem Int Ed 53:9487–9492. doi: 10.1002/anie.201404099 PMID:
25045145

61. Lee E-J, Chan EWL, LuoW, Yousaf MN (2014) Ligand Slope, Density and Affinity Direct Cell Polarity
and Migration on Molecular Gradient Surfaces. RSC Adv. 4:31581–31588.

62. Krabbenborg SO, Huskens J. (2014) Electrochemically Generated Gradients. Angew Chem Int Ed
53:9152–9167. doi: 10.1002/anie.201310349 PMID: 24961906

63. Gooding JJ, Parker SG, Lu Y, Gaus K (2014) Molecularly Engineered Surfaces for Cell Biology: From
Static to Dynamic Surfaces. Langmuir 30:3290–3302. doi: 10.1021/la4037919 PMID: 24228944

64. Shimizu Y, Boehm K, Yamaguchi K, Spatz JP, Nakanishi J (2014) A Photoactivatable Nanopatterned
Substrate for Analyzing Collective Cell Migration with Precisely Tuned Cell-Extracellular Matrix Ligand
Interactions PLOSONE 9: e91875. doi: 10.1371/journal.pone.0091875 PMID: 24632806

Smart Surfaces for Studies of Cell Behavior

PLOS ONE | DOI:10.1371/journal.pone.0118126 June 1, 2015 25 / 25

http://dx.doi.org/10.1021/bc400565y
http://www.ncbi.nlm.nih.gov/pubmed/24559434
http://dx.doi.org/10.1021/am502209k
http://www.ncbi.nlm.nih.gov/pubmed/25007410
http://dx.doi.org/10.1002/anie.201404099
http://www.ncbi.nlm.nih.gov/pubmed/25045145
http://dx.doi.org/10.1002/anie.201310349
http://www.ncbi.nlm.nih.gov/pubmed/24961906
http://dx.doi.org/10.1021/la4037919
http://www.ncbi.nlm.nih.gov/pubmed/24228944
http://dx.doi.org/10.1371/journal.pone.0091875
http://www.ncbi.nlm.nih.gov/pubmed/24632806

